(1) the photoluminescence intensity of air-free CQDs is maintained upon their exposure to oxygen; (2) the band-edge exciton lifetime is extended by about a factor of two relative to the parent PbSe CQDs. The experimental results and the effective mass-based calculations suggest the formation of alloyed shells and highlight a pronounced effect of core displacement from the CQD center on the heterostructure optical properties.
Introduction
IV-VI (e.g., PbTe, PbSe, and PbS) nanostructures, such as colloidal quantum dots (CQDs), are, currently, the focus of world-wide scientific and technological interest [1] [2] [3] [4] . These materials are characterized by a rock-salt crystal structure (space group3 ) and a size-tunable band-gap energy in the range of 0.3-1.7 eV, with a broad-band absorption profile in the near-infrared (NIR) and visible (vis) wavelength ranges [1, 5, 6] . Other unique properties of IV-VI nanostructures are small effective masses [7] of electrons and holes, large dielectric constants [8] , and a relatively large effective exciton Bohr radius [4] . The above properties make IV-VI CQDs indispensable in such emerging applications as CQD gain devices [9, 10] , biological markers [11] [12] [13] , photovoltaic cells (PVCs) [14] [15] [16] [17] [18] [19] [20] , Q-switches [21, 22] , and thermoelectric devices [23] [24] [25] . For example, due to their broad-band absorption profile, light harvesting in IV-VI CQD-based PVCs is extremely large, resulting in power conversion efficiency of up to 8% [14] [15] [16] [17] [18] [19] [20] .
The chemical stability of CQDs under ambient conditions is of great importance for their practical applications. However, the issue has been quite insufficiently studied until now. In view of the previous results, suggesting that photoluminescence quenching may result from surface oxidation, it was proposed to passivate the exterior CQD surface with organic or/and inorganic shells [26] [27] [28] . Inorganic core/shell heterostructures were formed either by epitaxial coating a semiconductor core by another semiconductor shell (e.g., CdSe/CdS and PbSe/PbS CQDs) or by a cation-exchange process, involving diffusion of foreign cations from the outer to the inner CQD layers (e.g., PbSe/CdSe and PbS/CdS CQDs) [29] [30] [31] [32] [33] [34] . Our studies demonstrated the advantage of PbSe/PbSe x S 1−x [29, [35] [36] [37] [38] [39] [40] [41] [42] and CdTe/CdTe x Se 1−x [43, 44] alloyed heterostructures, where the alloyed interface reduced the crystallographic and dielectric mismatch between the core and the shell and also created a smooth boundary potential, which suppressed the Auger non-radiative relaxation processes in the CQDs.
The electronic properties of core/(alloyed-)shell heterostructure CQDs depend on the relative electronic-band alignment between the core and shell [45] , which can have either type-I or (quasi)type-II configuration [43, 46] . Type-I configuration is characterized by strong confinement of both charge carriers within the core, while in type-II configuration, one carrier is confined within the core, the other being confined within the shell or in quasi-type II the other being delocalized over the entire core-shell structure. Although a thick shell is preferable for efficient charge separation, it induces strong confinement of one of the charges within the core, preventing its extraction from the CQD.
Recently, small-sized PbSe/PbS core/shell CQDs with the band-gap energy in the range of 1.1-1.4 eV were synthesized and their structural and optical properties were investigated [42, 47] . It was found that, regardless of the CQD size, the photostability and chemical stability of PbSe/PbS core/shell CQDs were substantially improved as compared to those of the corresponding core CQDs [48, 49] .
The application of small-sized PbSe/PbS CQDs in CQD-TiO 2 heterojunction PVCs allowed achieving power conversion efficiency as high as 4% [20] . This result suggests that chemically stable small-sized CQDs with the band-gap energy in the range of 1.1-1.4 eV are of particular scientific and technological interest.
The present work describes the synthesis of PbSe/CdSe core/thin-shell CQDs by the method of cation exchange. The developed procedure allows restricting the shell width to less than a monolayer (a unit cell). In spite of the small shell width ( ), the CQDs show relatively high chemical stability under ambient conditions (e.g, during exposure to air for a limited period of time). The structural and compositional characterization of the CQDs suggested either selective exchange at preferred crystal facets [50] or formation of Pb x Cd 1−x Se structure in the CQD exterior layers. The CQD optical properties were studied by recording their continuous-wave (cw-) and time-resolved (tr-) photoluminescence (PL) spectra at various temperatures. The experimental results were considered in the framework of a simple one-band effective-mass model. The experimental and theoretical investigations revealed the formation of alloyed structure at the PbSe/CdSe interface and a pronounced effect of shell displacement from the core center on the heterostructure optical properties.
Experimental
Synthesis. The synthesis of PbSe/CdSe CQDs was performed in two stages. At the first stage, PbSe cores were grown according to the method developed previously [47] . In short, PbO (1 mmol) was dissolved in hexadecene (HDC) in the presence of 3 mmol oleic acid (OA), under constant stirring. Characterization. High-resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-HRSTEM) studies were performed with a FEI Titan transmission electron microscope, at extraction voltage of 300 keV. Samples for TEM measurements were prepared on a carbon-coated copper grid using a spray technique to minimize contamination by organic solvents. Powder X-ray diffraction (XRD) measurements were performed with a Rigaku Smartlab diffractometer using the Cu K line. The samples were prepared by depositing the CQDs onto a glass substrate. X-ray photoelectron spectroscopic (XPS) measurements were performed in a Thermo VG Scientific Sigma Probe fitted with a monochromatic X-ray Al K (1486.6 eV) source. The XPS spectra were collected from thin CQD films, which were drop-casted onto clean gold substrates. The fine structure of the XPS peaks was resolved using the XPS PEAK 4.1 software. The binding energy (BE) of the elements was calibrated with respect to the carbon C 1s line sphere, Inc., with UV−vis−NIR reflectance coating). The system integrated all the light that entered the sphere (the excitation and the photoluminescence generated in the sphere) by means of the highly scattering coating on the inside walls. The entire system response was normalized by a calibrated tungsten-quartz lamp (Thorlabs). The PL quantum yield (PL QY) measurement technique was described in detail by Friend et al [53] . The PL QY ( ) at any temperature different from RT was calibrated based on the proportionality of the integrated intensity at that temperature, ( ), and (RT). demonstrates a strong contrast between the core and the shell materials, with distinct boundaries at the core-shell interface. It can be seen that the shell width varies from one core facet to another, which results in non-concentric alignment of the shell with respect to the CQD center. Figure 2 shows the X-ray diffraction (XRD) patterns of air-exposed PbSe CQDs and PbSe/CdSe CQDs, obtained after different periods ( ) of cation exchange, as indicated in the legend. The XRD patterns of bulk PbSe rock-salt (rs), CdSe and 4f 7/2 spin-orbit splitting of the Pb 4f level is shown in Figure 3B . This doublet was further resolved into additional two doublets, corresponding to the leadchalcogen, Pb-Se, bond, originating from PbSe in the core (red line) and at the core-shell interface (green line). The Se 3d spectrum presented in Figure 3C (orange line) also contains a minor XPS peak, originating from Se 4+ in the SeO 2 and SeO 2− 3 species (BE ∼59 eV, the peak location is indicated by (*). The atomic composition and binding energies corresponding to the XPS peaks of the PbSe/CdSe CQDs are summarized in Table 1 . The observed cation-to-anion ratio is 1.7, in agreement with previously reported results [47] . and the shift increases with decreasing the PbSe core size. The PL band full width at half maximum (FWHM) increases from 90 to 120 meV as the CdSe shell is formed. Figure 4B shows the band-gap energy ( ) and the estimated average
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CdSe shell width as a function of the cation-exchange time for three different parent PbSe CQD samples. It can be seen that, in all cases, increases during the first minutes of the cation-exchange reaction, reaches a plateau value, and, eventually, a minor red shift is observed with further time increase. The absorption and the PL peaks in PbSe/CdSe CQDs ( Figure 4A ) correspond to the 1S e -1S h exciton transition in the PbSe core. Thus, the core radius ( ) and the shell width ( ) were estimated using the previously published PbSe sizing curve [34, 54, 55] . Figure 5 shows the PL intensity of PbSe and PbSe/CdSe CQDs before (A, B) and after (C, D) exposure to air for 50 min. It can be seen (compare Figure 5A and C) that air exposure of PbSe CQDs results in a 30-fold reduction of the PL intensity and in a blue shift of the peak by ∼ 30 meV. In contrast to this, the PL intensity and of thin-shell PbSe/CdSe CQDs remain nearly unchanged. The reduction of the emission intensity in PbSe CQDs is attributed to the formation of trapping sites due to surface oxidation [47, [56] [57] [58] , which is also supported by the presence of the Pb 3 O 4 peak in the XRD pattern shown in Figure 2 . Thus, accord- ing to our results, even a thin CdSe shell, resulting in the shift (relative to of parent core) corresponding to a shell width of ∼ 0.3 nm, is sufficient for protecting the core CQDs from immediate oxidation.
Surface oxidation initiates the formation of surface states, which affect the PL temperature dependence [58] . Thus, the temperature-dependent PL integrated intensity ( ( )) can be used as an indicator of surface oxidation in CQDs. The variation of cw-PL spectra in the temperature range of 5-300 K is shown in Figure 6 for PbSe CQDs with = 2.0 nm and for the corresponding PbSe/CdSe CQDs with / = 2.0/1.8 and 2.0/1.6 nm, kept under air-free conditions ( Figure 6A -C) and exposed to air for 50 min (Figure 6D-F) . It can be seen from Figure 6A -F that, in all cases, the cw-PL spectra are red shifted with the temperature decrease. The variation of with temperature is shown in Figure 6G and H for air-free and air-exposed CQDs, respectively. Air-free core and core/shell CQDs do not exhibit PL quenching with increasing temperature, except for the core/shell CQDs with / = 2.0/1.8 nm, where the observed PL quenching at ∼ 200 K may be associated with carrier trapping. Eventually, at temperatures close to RT, a sharp growth is observed. The high value at RT correlates with recombination from the bright exciton state [42] , which is, presumably, enhanced by phononassisted de-trapping from shallow non-radiative defect states. In contrast to the described above behavior of air-free CQDs, after air exposure ( Figure 6D-F, H) , different trends are observed for the core and the core/shell CQDs. The cw-PL spectra of the PbSe core CQDs ( Figure 6D ) and PbSe/CdSe core/shell CQDs with / = 2.0/1.8 nm (Figure 6E ), produced during short exchange time (4 min), show that PL emission is suppressed on air exposure. However, in the PbSe/CdSe CQDs, the decrease of with temperature is observed starting from ∼ 150 K, while in the PbSe CQDs, gradually decreases with temperature. The behavior in the core/shell CQDs may be caused by thermally-activated carrier trapping into defect states, associated with oxidation sites on the exterior CQD surface [32] . It is especially interesting that the air-exposed PbSe/CdSe CQDs with / = 2.0/1.6 nm, produced during long exchange time (60 min) (Figure 6F ),
show the same behavior as air-free CQDs. Although the chemical stability of the CQDs is limited by the air-exposure duration, it can be beneficial in the processes involved in the fabrication of CQD-based devices. Figure 7A shows the effect of temperature on the PL decay curves for
PbSe/CdSe CQDs ( / = 2.0/1.6 nm), permanently kept under air-free conditions. It can be seen that the measured lifetime, 0 , significantly increases at low temperatures. The values of 0 depend on Rad according to the relation:
and are also related to quantum yield
where 0 and ( ) are the absorbed and the emitted photon fluxes, respectively.
The dependences of Rad on temperature for different CQDs (see the legend) are presented in Figure 7B . It can be seen that the Rad values are large (40 μs) at cryogenic temperatures and decrease to about 9 μs for all samples as the temperature is elevated to 300 K. The difference between the cryogenic Rad values for short and long exchange times can result from the elimination of the surface trapping states, caused by the formation of a complete epitaxial shell with (quasi)type-II configuration. Moreover, additional "dark-state" dominating quenching paths are activated as the temperature increases [58] . The effect of the cation-exchange process on PL QY and radiative lifetime in PbSe/CdSe CQDs at RT is demonstrated in Figure 8 . In Figure 8A , the PL QY values for PbSe/CdSe core/shell CQD samples withdrawn from the reaction mixture and measured after different periods of cation exchange (red symbols) are compared with the PL QY values for different-sized PbSe CQDs (blue symbols) with the same values. In both cases, almost the same gradual increase of PL QY is observed with the increase of up to a certain "turning point" (∼ 1.3 eV), which may be associated with the increase of the oscillator strength in the CQDs, as reported previously [51, 59] . However, above the "turning point" a drastic increase of PL QY is observed in the PbSe/CdSe CQDs, the QY values being much larger than those estimated based on the oscillator strength trend. The theoretical considerations discussed below suggest that this effect can be caused by structural and morphological reconstruction of the core/shell heterostructure, namely, non-concentric growth of the shell at the initial stages of the cation-exchange process. Figure 8B shows the dependence of Rad on for the same CQDs as in Figure 8A (the designations being also the same). It can be seen that, at the first stage, the increase of Rad with follows the same trend in PbSe and PbSe/CdSe CQDs (the value of Rad changing from 2.7 to 4.2 μs at the "turning point", respectively. Above the "turning point" (here, at ∼ 1.2 eV), an abrupt Rad increase from 4.2 to 8.2 μs accompanied by shift from 1.22 to 1.12 eV is observed with increasing the cation-exchange duration. This effect can be associated with the elimination of the trapping sites due to complete coverage of core by the shell or by the (quasi)type-II configuration of the produced heterostructure. This question was further examined theoretically (see below).
Effective mass modeling
In the above discussion, the core radii of the core/shell CQDs were determined assuming formation of pure and concentric CdSe shell layers on top of PbSe cores during the cation exchange process. However, some of our HRTEM and XRD re- alloyed shell layer, we apply a simple one-band effective mass model. Figure 9 shows the plots of the bulk valence (VB) and conduction (CB) band-edge energies as well as of the effective masses of the electron ( e ) and hole ( h ) in PbSe/CdSe core/shell heterostructures versus the radial coordinate. The vertical dotted lines in the figure designate the core-shell and the shell-surrounding boundaries, emphasizing the discontinuities of the band-edge energies, as well as of e and h at the boundaries. The bulk material parameters were taken from Ref [60] . In the calculation of the PbSe/Pb x Cd 1−x Se core/alloyed-shell energy structure, the shell electron and hole effective masses and the band offsets were taken as weighted averages of the corresponding PbSe and CdSe parameters. In the case of non-concentric PbSe/CdSe CQDs, the calculations of chargecarriers wavefunctions and band structures were carried out using the finite element analysis (FEA) software (COMSOL). Figure 11 shows a TEM image of PbSe/CdSe CQDs. An enlarged image of a single CQD ( Figure 11A ) is compared with a representative geometric strucutre ( Figure 11B ). The core displacement ( ), which can be visually distinguished in Figure 11A , might originate either from crystallographically anisotropic cation exchange at 111 facets [30] or from postexchange structural and morphological reconstruction [62] . Figure 12 presents the probability density of the charge carriers normalized with respect to its maximal value. In a concentric PbSe/CdSe core/shell CQD, the normalized probability densities of the hole and the electron ( Figure 12A and B, respectively) have similar spherical shape, concentric with respect to CQD center. Although, as mentioned above, the hole is strongly confined to the core, while the electron is delocalized over the whole volume of CQD. In contrast to this, in a non-concentric CQD, the probability distribution of the hole ( Figure 12C ) is significantly shifted from the CQD center, while that of the electron ( Figure 12D ) is almost unaffected. These differences in charge carrier distributions are expected to increase the overlap of wavefunctions and consequently the QY values of CQD core-shell structures during transition from non-concentric to concentric structure. Figure 13A shows the variation of , with the core displacement ( ), normalized to the shell width of the corresponding concentric CQD ( / ). The is defined as = ,conc − ,non-conc , where ,conc and ,non-conc are band-gap energies of concentric and non-concentric CQDs, respectively. It can be seen that in small CQDs ( = 1.0 nm, = 0.5 nm), the core displacement smaller than 0.5 nm may increase by 10-30 meV. As the cation-exchange process is facet dependent [30, 50] , the CQDs are initially non-concentric ( / → 1) and become concentric ( / → 0) as the reaction progresses ( Figure 13B ) due to topotaxial growth toward the CQD interior [63] . Thus, once the shell formation is completed, the overlap of the electron and hole probability density increases, which should lead to greater PL QY values and to slightly red-shifted PL spectrum. In our measurements, such change was, indeed, observed in Figure 8 (see the black curve). At later stages, atomic reconstruction might occur to generate the CQD heterostructures [62] . However, this stage is beyond the growth conditions that were examined in this work. shift as a function of the core displacement from the CQD center ( ) normalized to the shell width ( / ).
Conclusions
The present work describes the structural and optical characterization of PbSe/CdSe thin-shell CQDs with the total radius of ∼ 2.0 nm and the average shell width of ∼ 0.3 nm. The formation of CdSe thin shells was followed by recording the CQD cw-and tr-PL spectra at various temperatures, the CQDs being kept under air-free conditions or exposed to air for different time periods.
The results obtained by the HRSTEM and XRD methods reveal the formation of a non-concentric or alloyed CdSe shell. It was found that even a very thin shell (provided that the CQD surface is completely covered by Cd 2+ cations) prevents immediate oxidation of PbSe CQDs. The CQD stability against oxidation can be detected by means of cw-and tr-PL measurements, namely, by the increase of the QY and radiative lifetime values.
A one-band effective-mass model was used to estimate the influence of alloying and non-concentric core/shell structure that is produced during the growth process. The model suggests that shell alloying may lead to ambiguity in the shell width determination based on the absorption spectrum alone. Calculations performed in the framework of the FEA effective-mass model show that in a PbSe/CdSe thin-shell CQD, even a minor (less than 0.5 nm) displacement of the core from the CQD center affects the localization of charge carriers inside the CQD and its characteristic value.
